Summary 1
Copper is both a trace and a toxic element. The Cu 2+ /Cu + couple potential is the highest among the biometals, making copper usage by life convenient for the extraction of electrons from molecules with already high redox potentials. For this chemical property copper enzymes are involved in electron transfer and redox reactions, for example in aerobic or anaerobic respiratory processes. For the same property, and because it is the most effective metal in binding biomolecules, copper is able to misplace other metal ions and/or catalyze the production of reactive oxygen species. In bacteria, this toxicity is a major menace both in the cytoplasm and in the periplasm. To deal with it bacteria compartmentalize copper enzymes outside the cytoplasm, where the most sensitive targets are located, use efficient efflux systems, and use metallochaperones to tightly control its transport to copper enzymes. In copper starvation conditions it is possible that import systems collaborate with metallochaperones in a more complex trafficking system. Such copper chaperones have been described mainly for the biogenesis of heme-copper oxidases in mitochondria and in their prokaryotic relatives belonging to the α-proteobacteria class like Rhodobacter and Bradyrhizobium japonicum. In the eukaryotic model, adopted also for prokaryotes, Sco1 transfers copper to (or reduces its cysteines of, or both) the Cu A center of the cytochrome c oxidase, and Cox11 is responsible for the Cu B center. Recently Sco has been linked to the biogenesis of Cu B centers in prokaryotic aa 3 and cbb 3 oxidases (the latter containing only a Cu B center) as well. Biogenesis of the cbb 3 oxidase does not require Cox11like proteins but instead is dependent on the integrity of predicted inner-membrane transporters. PCu A C protein has been identified as a collaborator of Sco for copper transfer to its same targets (Cu A and Cu B centers of aa 3 oxidase and Cu B center of cbb 3 oxidase).
The abundance of alternative terminal oxidases, most of them copper-dependent, is peculiar to the nitrogen fixing B. japonicum, and allows it to undergo different lifestyles such as free-living aerobiosis and anaerobiosis, and symbiosis (mainly with soybean). It has been shown that ScoI (Sco1-like) and CoxG (Cox11-like) collaborate for the biogenesis of the main aerobic aa 3 -type cytochrome c oxidase in B. japonicum, while for the symbioticallyessential cbb 3 oxidase the situation is less clear, but genes belonging to the fixGHIS operon, among them a predicted P 1B -type ATPase as product, are necessary. This work aimed at identifying genes involved in copper import and trafficking in B. japonicum. For this reason, a transcriptomic survey of genes up-regulated in copper starvation and a search for copper chaperone homologues were carried out. Both approaches converged in the identification of an operon, pcuABCDE. This operon is the only genomic region whose expression is higher in copper-free medium compared to copper excess. It encodes putative polypeptides related to copper trafficking, among them the PCu A C homologue PcuC.
Strains with a resistance cassette replacing the operon were constructed and different phenotypes were evaluated. Importantly, the mutants were found to be defective in copperstarved growth, in anaerobic growth and in symbiosis. To check whether the phenotype is due to impaired biogenesis of the terminal oxidases, quantitative measurements of the aa 3 and cbb 3 oxidase activites were carried out, revealing decreased functionality for both of them.
Interestingly, the defect of the aa 3 oxidase is restorable with copper supplementation. The cbb 3 oxidase misfunction is evident only when the activity is tested on bacteroid membranes, while in free-living anaerobic cultures (where the cbb 3 oxidase is also expressed) the defect is absent. The logical follow-up of the operon mutant characterization has been the creation of strains in which each single gene has been deleted, in order to assign to each ORF a weight in the different phenotypes observed for the whole operon mutant. Surprisingly, except for the anaerobic growth, for which seemingly all the genes have a partial role, the lack of pcuC was found to be the only determinant of the ΔpcuABCDE strain phenotype.
Phenotypes of ΔscoI (previously characterized in this group) and ΔpcuC are strikingly similar. As for ΔpcuC, the cbb 3 oxidase activity of ΔscoI is not impaired when membranes are isolated from anaerobically grown cells. The cbb 3 oxidase activity of bacteroid membranes was then measured in the ΔscoI strain as well, as this has not been tried formerly, and importantly revealed a strong defect, as for that observed in ΔpcuC.
Furthermore, in-vitro studies confirmed the hypothesized Cu + -binding nature of PcuC via conserved residues previously identified in the Thermus thermophilus homologue.
ScoI and PcuC are copper-binding proteins collaborating for copper insertion into the cbb 3 oxidase and into the aa 3 oxidase. These results are compatible with what has been concurrently observed in Pseudomonas aeruginosa PA01, Rhodobacter sphaeroides and Rhodobacter capsulatus, enforcing both a new view of the role of Sco, which is no longer restricted to the copper transfer/reduction of Cu A centers, and its close link to PCu A C. In this model it would be more likely that the soluble PCu A C binds copper as it enters the periplasm and transfers it to the inner membrane-anchored Sco, which then sorts it to membrane bound chaperones/copper-enzyme targets. In order to assess the validity of this model further in vitro copper transfer studies are needed. 
